Introduction {#s0001}
============

The increasing proliferation of wireless devices and their associated infrastructure has led to concerns about potential health risks associated with increasing public exposure to radiofrequency (RF) fields. In 2011, the International Agency for Research on Cancer (IARC) classified RF fields as 'possibly carcinogenic to humans' (i.e., Group 2B) (IARC [@CIT0014]). This classification is assigned by IARC when 'a positive association has been observed between exposure to the agent and cancer for which a causal interpretation is considered by the Working Group to be credible, but chance, bias or confounding could not be ruled out with reasonable confidence'. Epidemiological studies published since this classification continue to provide contradictory results (Deltour et al. [@CIT0008]; Little et al. [@CIT0024]; Benson et al. [@CIT0004]; Hardell et al. [@CIT0012]; Poulsen et al. [@CIT0029]; Coureau et al. [@CIT0007]; Lagorio and Röösli [@CIT0022]; Hardell and Carlberg [@CIT0013]; Kim et al. [@CIT0020]). While case control studies of mobile phone users and analysis of incidence trends in national cancer registries are ongoing, there are still no established mechanisms of action between RF field exposures at levels below international RF safety limits and the development of human neoplasms.

Other studies have examined the ability of RF fields to affect human cognitive performance (Valentini et al. [@CIT0034]), electroencephalogram (EEG) activity (van Rongen et al. [@CIT0036]) and sleep (Schmid et al. [@CIT0031]). Consistent changes in the spectral power of sleep and in waking resting EEG activity have been reported in several studies, but at present the significance of these effects in relation to human health remains unclear (Scientific Committee on Emerging and Newly Identified Health Risks \[SCENIHR\] 2015). Animal and in vitro studies have reported a wide variety of health and/or biological effects of RF field exposure, including: changes in cell proliferation and differentiation, tumor induction, gene and protein expression changes, altered signal transduction pathways, reactive oxygen species generation, changes in DNA damage and repair, immune system activation, intracellular signalling, alterations in the blood brain barrier, intracellular calcium change, cerebral blood flow and glucose metabolism and memory dysfunction, among others. However, contradictory findings on each of these endpoints have been reported in other studies (International Commission for Non-Ionizing Radiation Protection \[ICNIRP\] [@CIT0016]; Advisory Group on Non-Ionizing Radiation \[AGNIR\] [@CIT0001]; SCENIHR [@CIT0032]).

In an attempt to investigate potential interactions between RF field exposures and biological systems, several studies have employed high-throughput technologies to screen for subtle genomic and proteomic changes in cell cultures exposed to RF fields, in an effort to identify possible responding genes, proteins and/or pathways (Vanderstraeten and Verschaeve [@CIT0035]; McNamee and Chauhan [@CIT0026]; Leszczynski et al. [@CIT0023]). However to date, only a limited number of studies have conducted genomic profiling in animals after in vivo RF exposure (Belyaev et al. [@CIT0002]; Nittby et al. [@CIT0027]; Paparini et al. [@CIT0028]; Zhao et al. [@CIT0040]).

The current study extends the analysis of potential responding genes or pathways in the rodent brain following in vivo RF field exposure by analyzing differential gene expression in a variety of discrete mouse brain regions. This approach was chosen as it was hypothesized that subtle responding elements may be detectable in small/discrete brain regions, whereas these changes might be masked when genomic analysis is conducted on whole brain or partial brain homogenates as has been performed in previous studies. The brain regions chosen (amygdala, auditory cortex, caudate nucleus, cerebellum, hippocampus, hypothalamus and medial prefrontal cortex) were selected as they represent neuronal regions involved in memory, behaviour, sleep, motor control, coordination and cognitive processing. Pathway analysis of microarray data was also conducted in this study in an attempt to identify potential responding pathways to further focus the analysis to genes of interest. Furthermore, positive controls and semi-quantitative RT-PCR were used to validate the results. In addition to exposures conducted using continuous wave RF fields, pulse-modulated RF fields (as emitted by wireless technologies) were also assessed as some studies have reported that the modulation of RF field carrier wave may be important to the observation of biological effects (Blackman [@CIT0005]).

Methods and materials {#s0002}
=====================

Animals {#s0003}
-------

Adult male C57BL/6 mice from Charles River Laboratories (St. Constant, Quebec, Canada), were housed individually in Isotech cages at the Animal Resources Division (ARD), Health Canada (Ottawa, Ontario). All animal experiments and procedures were conducted according to the guidelines of the Canadian Council of Animal Care, under a protocol approved by the Health Canada Animal Care Committee (protocol \#2009-010). Upon arrival, the mice were maintained in a controlled environment (21 ± 2 °C, 40 ± 15% humidity) with a 12-h light cycle (07:00--19:00 h) and were given access to Purina Rodent Chow (\#5001, Ralston Purina Inc., Strathroy, ON, Canada) and water *ad libitum*. The mice were acclimatized for 1 week prior to use, then randomly assigned to treatment groups. A total of five independent experiments (one mouse/treatment group per experiment, exposed concurrently) were conducted for 1.9 GHz pulse-modulated (50 Hz, 1/3 duty factor) and continuous-wave RF field exposure, which included the following treatment groups: 'High RF field' exposure (4 h day/5 days, *n* = 5), 'Low RF field' exposure (4 h day/5 days, *n* = 5), Sham control (4 h day/5 days, *n* = 5), Cage control (unhandled, *n* = 5). A separate group of mice (*n* = 5 per condition) were used as positive and negative controls. These animals were exposed to either 0 or 2 Gy X-irradiation in a cabinet X-ray machine (XRAD 320, Precision X-ray, North Branford, CT, USA) at 250 kVp and 12.5 mA with a 2 mm Al filter. The dose rate was 1.7 Gy/min, as measured using a Radcal 9010 ion chamber (Radcal, Monrovia, CA).

EMF exposure {#s0004}
------------

The RF field exposure system used in this study utilized four identical custom-designed exposure chambers, as previously described (Wasoontarajaroen et al. [@CIT0038]; [@CIT0039]). The cylindrical waveguide exposure chambers shared the same RF power source via a network of power dividers. Five power sensors per exposure chamber were used to measure RF power entering and exiting each chamber. Whole-body average (WBA) specific absorption rate (SAR) was calculated based upon power differential method and using the measured animal weight as a calibration factor. A personal computer equipped with IEEE-488 interface bus was programmed to control the RF source, acquire data from the power sensors, and process exposure data. This configuration supported real-time dosimetry monitoring for the mice (Wasoontarajaroen et al. [@CIT0039]).

In an attempt to control for handling stress, the experimental animals in the sham-, 'High RF field' and 'Low RF field' exposure groups for both the 1.9 GHz pulse-modulated and continuous-wave RF field experiments were conditioned in 'mock' RF-field exposure chambers for 4 h/day for 5 days, 1 week prior to actual RF field exposures. The conditioning included recording of body weight and rectal temperature prior to and immediately following the 4 h conditioning period each day. The animals were housed in custom Plexiglas animal cages, inserted within the bore of non-energized waveguides. During conditioning, all electronic equipment was operating on standby and the animals were exposed to identical ventilation conditions as in the real experiments. Mice were then returned to their home cages.

On the day of experimentation, the RF exposure apparatus was energized and allowed to operate for 30 min prior to the onset of animal exposures. The animals were weighed and body temperature was acquired using a rectal thermocouple (model\#MLT1404, ADInstruments, Colorado Springs, CO). Prior to exposing the mice, the system was calibrated using empty animal cages to establish the baseline values of absorbed, reflected and transmitted power in the absence of test animals, using the measured animal weight as a calibration factor. The animals were then maintained within the exposure apparatus for 15 min prior to the onset of the exposure period (4 h). For pulse-modulated 1.9 GHz RF field exposures, a pulse repetition rate of 50 Hz was used with a duty factor of 1/3 (pulse ON to OFF time). The RF powers at all five sensors were sampled at 20 s intervals over the duration of the 4-h exposure period and WBA-SAR was calculated for each sampling instance using a power differential analysis based upon calibrated settings. This was carried out on each day of exposure for each animal. The animals did not have access to food or water during the exposure period. At the end of the exposure period, the animals were immediately removed from their cages, rectal temperatures and body weights were acquired and the animals were returned to their home cages. Blinding procedures were not employed during RF field exposures; however, isolated brain tissues were coded to ensure blinding during sample processing and during the conduct and analysis of gene expression assays.

Estimation of brain-averaged SAR {#s0005}
--------------------------------

Since only WBA-SAR could be monitored during exposure, a numerical conversion from WBA-SAR to brain averaged (BA)-SAR was carried out after each exposure. The conversion factor was derived from data presented in Figures 4 and 8 of Wasoontarajaroen et al. ([@CIT0039]). This data was obtained from finite-difference time-domain (FDTD) calculations of WBA-SAR and BA-SAR of heterogeneous voxel models of three different masses (25, 27.5 and 30 g). The models were placed in the exposure chamber in combinations of two different postures (sitting and prone), two positions within the plastic cage (in the centre and along the wall) and at a number of rotation angles of the cage within the waveguide (in increments of 15 degrees up to a full rotation). For any given combination of posture and position, the resulting WBA-SAR and BA-SAR is periodic in respect to rotation angle. For each posture/position and angle, a conversion factor consisting of the ratio of BA-SAR to WBA-SAR was calculated. Values of this unitless conversion factor (reported as mean ± SD) for all postures, positions and angles for the 25, 27.5 and 30 g weights were found to be 0.50 ± 0.11, 0.55 ± 0.13 and 0.59 ± 0.14, respectively. Conversion factors for weights other than the three mentioned were obtained by interpolation.

Dosimetric uncertainties {#s0006}
------------------------

Instrumentation uncertainties in the monitoring of real-time WBA-SAR were analyzed in Wasoontarajaroen et al. ([@CIT0038]) and were estimated to have a combined standard uncertainty (*k* = 1) of 7%. Since similar measurement equipment was used in the exposure system, this value was used in subsequent uncertainty estimates. In a typical daily exposure, the standard deviation of the WBA-SAR distribution, expressed as a percentage of the mean, was of the order 14--16%. Factoring in the instrumentation uncertainty gives combined standard uncertainties (*k* = 1) in the WBA-SAR of 15--18%. Using above conversion factors to calculate BA-SAR from the measured WBA-SAR values yielded combined standard uncertainties (*k* = 1), expressed as a percentage of the mean, of the order 28--29% for all postures and positions.

Tissue harvesting {#s0007}
-----------------

Immediately following the final day of sham and RF field exposure conditions, or 6 h following X-irradiation (0 Gy or 2 Gy), the mice were sacrificed by decapitation using a small animal guillotine. The mouse brains were rapidly removed within 1 min of sacrifice and snap-frozen in super-cooled isopentane, maintained on dry ice. Once frozen (∼30 sec), the brains were placed into cryogenic vials (Nalgene) that were pre-cooled on dry-ice, then stored at −80 °C for several weeks before sectioning. The frozen brains were sectioned using a pre-cooled (−13 °C) cryostat (Leica CM1850) into 300 *μ*m sections and the frozen sections were then mounted onto pre-chilled (−13 °C) slides. The medial prefrontal cortex, amygdala, hypothalamus and auditory cortex were excised bilaterally in two consecutive sections using a scalpel blade. The complete cerebellum from an anterior section was also collected. Bilateral punches were excised from the hippocampus (from three consecutive sections) and caudate nucleus (two consecutive sections) using a 1.00 and a 1.25 mm-diameter brain punch (myNeuroLab.com, St. Louis, MO, USA), respectively, according to coordinates adapted from Franklin and Paxinos ([@CIT0009]). The excised tissue from 2--3 sections (bilaterally) from within a single animal were pooled and quickly placed into pre-cooled (−13 °C) 1.5 ml RNase/DNase-free microtubes (Kimble-Chase) and then stored at −80 °C for up to 3 months until processed for RNA isolation.

RNA isolation and labelling {#s0008}
---------------------------

On the day of RNA isolation, microtubes containing discrete brain regions were removed from storage at −80 °C and maintained on dry-ice on the benchtop. For tissue disruption and RNA stabilization, each sample was treated consecutively, as follows: a 350 *μ*l aliquot of RLT buffer (Qiagen Inc.) containing 1% β-mercaptoethanol was added directly onto the frozen tissue sample and then immediately sonicated (Micro Ultrasonic Cell Disruptor, Kontes Inc.) for 5 s in the microtube with a sterilized probe treated with RNase-Zap, followed immediately by homogenization in the microtube for 30 s using a handheld homogenizer (Pellet Pestle Motor, Kontes Inc.) with disposable RNase/DNase-free pestles (Kimble-Chase Inc.). The samples were then maintained on the benchtop at room temperature until all samples had been disrupted/stabilized. Thereafter, the samples were processed as a group using RNeasy Micro kits (Qiagen Inc.), with on-column DNase digestion, using a modified version of the manufacturer's instructions (e.g., additional RW1 and RPE washes). Following elution from the RNeasy MinElute columns (Qiagen Inc.) into RNase-free water, the RNA concentration was evaluated using a NanoDrop 2000 spectrophotometer (ThermoScientific Inc.) and RNA integrity was confirmed using an Agilent 2100 Bioanalyzer with RNA 6000 PicoChip kits (Agilent Technologies Inc.). Only high quality RNA (OD260/280 ≥ 1.8, RIN \> 7.0) was used for analysis of differential gene expression. Total RNA (150 ng) from each sample was used to generate biotin-labeled cRNA following the Illumina TotalPrep 96 RNA Amplification Kit (Ambion, Inc.). Tissue RNA samples for all brain regions and exposure condition were maintained as independent samples (e.g., they were not pooled) and represent independent biological replicates (*n* = 5) for each condition.

Data analysis and statistical methodology {#s0009}
-----------------------------------------

For each sample, 1.5 *μ*g of biotin-labelled cRNA was hybridized onto Illumina MouseWG-6_V2 BeadChips (Illumina Inc.), according to the manufacturer's instructions. The Illumina BeadChips were imaged and quantified with the Illumina iScan scanner (Illumina Inc.) and data were processed with Illumina GenomeStudio v2010.2 software. Data processing included averaging signal intensities for each bead type, quantile normalization and log~2~-transformation. The data were then imported into GeneSpring GX (v12.6) for statistical analysis.

The data from 1.9 GHz pulse-modulated RF field exposures and 1.9 GHz continuous-wave RF field exposures were analyzed separately as they were conducted as separate blocks of experiments. Each block of experiments consisted of four treatment groups, with a total of five independent animal tissues per treatment group, resulting in a total of 20 independent hybridizations per brain region per field modulation paradigm. In addition, a separate set of mice (five mice per group) were exposed to either 0 or 2 Gy X-irradiation to assess the responsiveness of the assay to detect changes to a known stimulus.

Each brain region was analyzed independently for differential probe expression in sham-exposed animals compared to that in the 'High RF field' and 'Low RF field' exposure groups using an ANOVA with Tukey's post-hoc testing, with a false discovery rate (FDR) adjusted *p*-value cut-off of less than 5% to control for multiple comparisons testing (Benjamini and Hochberg [@CIT0003]). Comparison of differential probe expression between the sham-exposed (handled) animals and the cage-control (unhandled) animals, or between 0 Gy or 2 Gy X-irradiated groups, was evaluated in each brain region using an FDR-adjusted unpaired *t*-test (*p* ≤ 0.05). Thereafter, the above statistical analysis was repeated for all endpoints under lower-stringency, without FDR-adjustment, but where a fold-change cut-off of 1.5 was employed in an attempt to determine whether subtle changes may have occurred that were masked by the high-stringency statistical analysis approach.

An alternative linear mixed model approach was also conducted to examine if dose of RF field exposure resulted in a statistically significant change in mean probe expression in a tissue-dependent manner, after attempting to account for potential confounding due to tissue, animal and week of study. This analysis is described in the Supplementary material and the data is presented in Supplementary Tables 1 and 2, available online.

###### 

Measured whole-body average (WBA) and estimated brain averaged (BA) specific absorption rate (SAR) values (W/kg) in mice exposed to 1.9 GHz pulse-modulated or continuous-wave radiofrequency (RF) fields.

                            WBA-SAR (W/kg)   BA-SAR (W/kg)
  ------------------------- ---------------- ---------------
  1.9 GHz continuous-wave                    
   High RF field            1.36 ± 0.02      0.763 ± 0.023
   Low RF field             0.19 ± 0.00      0.104 ± 0.002
  1.9 GHz pulse-modulated                     
   High RF field            1.45 ± 0.05      0.827 ± 0.040
   Low RF field             0.16 ± 0.01      0.086 ± 0.002

Data represent the mean of means (± SEM) from five experimental animals per group, based upon 4 h of SAR recordings at 20 s intervals over a period of 5 consecutive days for each animal.

###### 

Average mouse body weights at the beginning and end of the 5-day experiment period for each exposure condition.

  1.9 GHz         Mouse body weight (g)   1.9 GHz      Mouse body weight (g)                
  --------------- ----------------------- ------------ ----------------------- ------------ ------------
  High RF field   27.0 ± 1.2              26.9 ± 1.3   High RF field           27.7 ± 0.7   27.8 ± 0.4
  Low RF field    27.1 ± 0.8              26.7 ± 0.7   Low RF field            27.6 ± 0.7   28.0 ± 0.5
  Sham control    26.1 ± 0.6              26.1 ± 0.5   Sham control            27.2 ± 0.4   27.5 ± 0.2
  Cage control    26.7 ± 0.6              26.7 ± 0.6   Cage control            27.5 ± 0.4   28.1 ± 0.2

Data represent the mean of means (± SEM) from five experimental animals per group. Body weights were recorded immediately prior to the first exposure period (Day 1) and immediately following the final exposure period (Day 5).

Pathway analysis {#s0010}
----------------

Pathway analysis was conducted on the normalized probe expression data for each combination of RF field exposure (pulse-modulated or continuous-wave) and brain region, with three treatment groups consisting of sham, 'High RF field' exposure and 'Low RF field' exposure. There were five independent biological replicates in all cases, with the exception of the cerebellum, hippocampus and hypothalamus brain regions corresponding to 1.9 GHz continuous-wave RF field exposures at 'High RF field', 'High RF field' and 'Low RF field' treatments, respectively. Each of these normalized data sets were used in a pathway enrichment method called Structurally Enhanced Pathway Enrichment Analysis (SEPEA) (Thomas et al. [@CIT0033]). The biochemical pathways chosen were the set of all pathways for the *Mus musculus* organism on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Kanehisa et al. [@CIT0019]; [@CIT0017]; Kanehisa and Goto [@CIT0018]). SEPEA differs from other pathway enrichment methods in that it takes into account the network structure of the various pathways in the analyses -- pathways where perturbed genes (as a result of treatment) are close relative to each other in a graph/network sense are assigned more significance. The gene-wise statistic chosen to be used by SEPEA was the non-parametric Kruskal-Wallis ANOVA statistic (Kruskal and Wallis [@CIT0021]), that compares the medians of three groups of treatments with the given number of replicates in each of the groups. Thomas et al. ([@CIT0033]) describe three null hypotheses for SEPEA, in this study SEPEA_NT2 with 10^4^ permutations was chosen for analyses. For each pathway, the null hypothesis tested by SEPEA_NT2 is that the expressions of pathway-associated genes are independent of the intensity of the treatments for the given combination of pulse modulated or continuous wave treatment and brain region. SEPEA_NT2 was coded in Java programming language (Gosling et al. [@CIT0011]).

Semi-quantitative RT-PCR {#s0011}
------------------------

Pathways or genes identified as displaying differential expression were validated using semi-quantitative RT-PCR. Total RNA (100 ng) isolated from mouse brain tissues were reverse transcribed into complementary DNA using the RT^2^ First Strand Kit (SA Biosciences Corp., Frederick, MA). Gene profiling was performed according to the manufacturer instructions using RT^2^-profiler PCR arrays (SA BioSciences Corp.). The relative expression of each gene was determined by using the comparative threshold (Ct) method (Livak and Schmittgen [@CIT0025]).

Results {#s0012}
=======

Exposure conditions {#s0013}
-------------------

Mouse SAR values were calculated every 20 s for the duration of each daily 4-h RF field exposure period for each animal using a power differential analysis for both the 1.9 GHz pulse-modulated and continuous-wave RF field experiments. The mean measured WBA-SAR and estimated BA-SAR for each RF field exposure condition are listed in [Table 1](#t0001){ref-type="table"}.

Mouse body weight and rectal temperature were recorded daily for each animal before and after each experiment for each exposure condition. [Table 2](#t0002){ref-type="table"} depicts the average mouse body weights (g) at Day 1 prior to the first exposure period and on Day 5 after the last exposure period. There were no significant differences in mouse body weight in any of the exposure groups over the course of the 5 day experiment period. [Table 3](#t0003){ref-type="table"} depicts the average mouse rectal body temperature recorded immediately before and after each 4-h exposure period over a period of 5 days. While there were some minor differences observed in the average 'Start' vs. 'End' rectal body temperature measured for some conditions, these values were well within the normal physiological range for C57BL/6 mice (Sanchez-Alavez et al. [@CIT0030]; Gaskill et al. [@CIT0010]).

###### 

Average rectal body temperature measured immediately before and immediately after each 4 h exposure period for each exposure condition.

                  Body temperature (°C)                Body temperature (°C)                
  --------------- ----------------------- ------------ ----------------------- ------------ ------------
  High RF field   37.6 ± 0.1              37.9 ± 0.1   High RF field           37.7 ± 0.1   37.5 ± 0.1
  Low RF field    37.6 ± 0.2              37.8 ± 0.1   Low RF field            37.9 ± 0.0   38.3 ± 0.0
  Sham control    37.5 ± 0.1              37.1 ± 0.1   Sham control            37.6 ± 0.1   38.0 ± 0.1
  Cage control    37.4 ± 0.1              36.8 ± 0.1   Cage control            37.5 ± 0.1   37.0 ± 0.0

Data represent the mean of means (± SEM) from five experimental animals per group. Average rectal body temperatures were recorded on 5 consecutive days, immediately prior to (Start) and after (End) the 4 h RF field exposure period.

Gene expression analysis after 1.9 GHz continuous-wave RF field exposure {#s0014}
------------------------------------------------------------------------

Differential gene expression, relative to the sham-control group, was assessed in total RNA extracted from the amygdala, caudate nucleus, cerebellum, hippocampus, hypothalamus and medial prefrontal cortex of mice following exposure to 1.9 GHz continuous-wave RF field for 4 h/day for 5 days. Animals in the 'High RF field' group were exposed to RF fields at a WBA-SAR of 1.36 W/kg and an estimated BA-SAR of 0.76 W/kg, while those in the 'Low RF field' groups were exposed at a WBA-SAR of 0.19 W/kg and an estimated BA-SAR of 0.10 W/kg.

No gene targets (probes) were identified as differentially expressed in the amygdala, caudate nucleus, hippocampus, hypothalamus or medial prefrontal cortex brain regions, following statistical analysis using an FDR-adjusted *p*-value cut-off. Only one gene target with unknown function (AK014523) was found to be differentially expressed (*p* = 0.044) in the cerebellum following 1.9 GHz continuous-wave RF field exposure. This probe demonstrated a 1.06-fold up-regulation in the 'High RF field' group and a 1.06-fold down-regulation in the 'Low RF field' exposure group when compared to the sham-exposed control group. When differential gene expression was assessed between the sham and cage-control groups using an unpaired *t*-test with FDR-adjusted *p*-values, there were no differentially expressed gene targets identified between these groups in any brain region.

When the data were re-analyzed using a similar statistical approach, without FDR-adjustment, a number of gene targets representing a variety of cellular functions were identified as differentially expressed following 1.9 GHz continuous-wave RF field exposure in a variety of brain regions ([Table 4](#t0004){ref-type="table"}). A total of 55 and 59 gene targets across a variety of brain regions displayed altered expression in the 'High RF field' and 'Low RF field' groups, respectively. Up-regulated and down-regulated probes, identified under low stringency statistical analysis are depicted in [Tables 5 and 6](#t0005 t0006){ref-type="table"}, respectively. Of note, probes against four known genes (beta actin, ActB; solute carrier family 6 (neurotransmitter transporter, taurine), member 6, Slc6A6; family with sequence similarity 107, member A, Fam107a; and ribosomal protein S17, Rps17) displayed altered expression (fold change ≥ 1.5) in the hypothalamus in both the 'High RF field' and 'Low RF field' groups, relative to the sham-control group. In the hippocampus, one gene target (synaptotagmin IV, Syt4) displayed altered expression (fold change ≥ 1.5) in both the 'High RF field' and 'Low RF field' groups, relative to the sham-control group. In each case, the fold-change was in the same direction for both RF exposure groups.

###### 

Number of differentially expressed gene targets in 1.9 GHz continuous-wave radiofrequency (RF) field exposed mouse brain regions using a non-FDR-adjusted statistical approach (*p* ≤ 0.05), when compared to the sham-control group.

                             High RF field   Low RF field   Cage-control            
  -------------------------- --------------- -------------- -------------- --- ---- ---
  Amygdala                   1               0              3              1   31   0
  Caudate                    6               0              1              0   40   3
  Cerebellum                 10              0              1              0   17   0
  Hippocampus                12              1              10             0   83   3
  Hypothalamus               22              2              39             6   13   1
  Medial prefrontal cortex   4               2              5              2   16   2

FDR: false discovery rate; FC: denotes fold-change.

###### 

Known genes that were up-regulated in mouse brain regions relative to the sham-control group following exposure to 1.9 GHz continuous-wave radiofrequency (RF) fields, using a non-FDR-adjusted statistical approach (*p* ≤ 0.05) with a minimum fold change of 1.5.

  Brain region                Exposure group   Probe ID       Accession No.   Gene symbol                                                                 Fold increase                           Description
  --------------------------- ---------------- -------------- --------------- --------------------------------------------------------------------------- --------------------------------------- ---------------------------------------------------------------------------
  Amygdala                    Low RF field     ILMN_2850391   NM_010825       Meis2                                                                       2.08                                    Meis homeobox 2, transcript variant 2
  Caudate                     High RF field    ILMN_3162081   NM_031392       Wdr6                                                                        1.61                                    WD repeat domain 6
  ILMN_1256415                NM_021543        Pcdh8          1.70            protocadherin 8, transcript variant 1                                                                               
  Cerebellum                  High RF field    ILMN_2648012   NM_008165       Gria1                                                                       1.75                                    glutamate receptor, ionotropic, AMPA1 (alpha 1), transcript variant 2
  ILMN_3145814                NM_001081079     Ogfrl1         1.50            opioid growth factor receptor-like 1                                                                                
  ILMN_1215713                NM_020596        Egr4           1.56            early growth response 4                                                                                             
  Hippocampus                 High RF field    ILMN_1251416   NM_019535       Sh3gl2                                                                      1.55                                    SH3-domain GRB2-like 2
  ILMN_2713285                NM_010211        Fhl1           1.51            four and a half LIM domains 1, transcript variant 3                                                                 
  Low RF field                ILMN_2701759     NM_026562      Cntd1           1.67                                                                        cyclin N-terminal domain containing 1   
  ILMN_1215972                NM_013681        Syn2           1.61            synapsin II, transcript variant IIb                                                                                 
  ILMN_2868131                NM_133779        Pigt           1.55            phosphatidylinositol glycan anchor biosynthesis, class T                                                            
  Hypothalamus                High RF field    ILMN_2641467   NM_009320       Slc6a6                                                                      1.63                                    solute carrier family 6 (neurotransmitter transporter, taurine), member 6
  ILMN_2816180                NM_029999        Lbh            1.68            limb-bud and heart                                                                                                  
  Low RF field                ILMN_2724044     NM_033610      Sncb            1.73                                                                        synuclein, beta                         
  ILMN_2672624                NM_008226        Hcn2           1.75            hyperpolarization-activated, cyclic nucleotide-gated K+ 2                                                           
  ILMN_2491213                NM_007587        Calca          1.72            calcitonin/calcitonin-related polypeptide, alpha, transcript variant 1                                              
  ILMN_3065373                NM_198607        Them6          1.54            thioesterase superfamily member 6                                                                                   
  ILMN_2762083                NM_013680        Syn1           1.59            synapsin I, transcript variant a                                                                                    
  ILMN_2641467                NM_009320        Slc6a6         1.53            solute carrier family 6 (neurotransmitter transporter, taurine), member 6                                           
  Medial prefrontal  cortex   Low RF field     ILMN_2503190   NM_016800       Vti1b                                                                       1.55                                    vesicle transport through interaction with t-SNAREs 1B

FDR: false discovery rate.

###### 

Known genes that were down-regulated in mouse brain regions relative to the sham-control group following exposure to 1.9 GHz continuous-wave radiofrequency (RF) fields, using a non-FDR-adjusted statistical approach (*p* ≤ 0.05) with a minimum fold change of 1.5.

  Brain region               Exposure group   Probe ID       Accession No.   Gene symbol                                                                                     Fold decrease                                Description
  -------------------------- ---------------- -------------- --------------- ----------------------------------------------------------------------------------------------- -------------------------------------------- --------------------------------------------------------------------------
  Amygdala                   Low RF field     ILMN_1227605   NM_009625       Adcyap1                                                                                         1.61                                         adenylate cyclase activating polypeptide 1
  Caudate                    High RF field    ILMN_1233606   NM_027324       Sfxn1                                                                                           1.54                                         sideroflexin 1
  ILMN_2771979               NM_010050        Dio2           1.55            deiodinase, iodothyronine, type II                                                                                                           
  ILMN_2896768               NM_173047        Cbr3           1.56            carbonyl reductase 3                                                                                                                         
  Cerebellum                 High RF field    ILMN_1254421   NM_031158       Ank1                                                                                            1.73                                         ankyrin 1, erythroid, transcript variant 2
  ILMN_1255513               NM_007672        Cdr2           1.51            cerebellar degeneration-related 2                                                                                                            
  ILMN_3106592               NM_207649        Rcan2          1.54            regulator of calcineurin 2, transcript variant 1                                                                                             
  ILMN_2741590               NM_139269        Pla2g16        1.51            phospholipase A2, group XVI                                                                                                                  
  Low RF field               ILMN_3081854     NM_001025245   Mbp             1.69                                                                                            myelin basic protein, transcript variant 8   
  Hippocampus                High RF field    ILMN_1220331   NM_029653       Dapk1                                                                                           1.82                                         death associated protein kinase 1, transcript variant 2
  ILMN_1230129               NM_009621        Adamts1        1.51            a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 1                                                
  ILMN_2656657               NM_144948        Rbm7           1.53            RNA binding motif protein 7, transcript variant 1                                                                                            
  ILMN_2880467               NM_026058        Cers4          1.53            ceramide synthase 4                                                                                                                          
  ILMN_2665943               NM_026210        Tvp23b         1.54            trans-golgi network vesicle protein 23B                                                                                                      
  ILMN_2836875               NM_011878        Tiam2          1.50            T cell lymphoma invasion and metastasis 2, transcript variant 1                                                                              
  ILMN_1232559               NM_009308        Syt4           1.95            synaptotagmin IV                                                                                                                             
  Low RF field               ILMN_3145331     NM_025284      Tmsb10          1.51                                                                                            thymosin, beta 10, transcript variant 3      
  ILMN_2731439               NM_023665        Rsrp1          1.58            arginine/serine rich protein 1                                                                                                               
  ILMN_1232559               NM_009308        Syt4           1.73            synaptotagmin IV                                                                                                                             
  Hypothalamus               High RF field    ILMN_2768972   NM_183187       Fam107a                                                                                         1.68                                         family with sequence similarity 107, member A
  ILMN_2755195               NM_019567        Acin1          1.51            apoptotic chromatin condensation inducer 1, transcript variant 1                                                                             
  ILMN_3003242               NM_008622        Mpv17          1.54            MpV17 mitochondrial inner membrane protein, transcript variant 1                                                                             
  ILMN_2948086               NM_009094        Rps4x          1.57            ribosomal protein S4, X-linked                                                                                                               
  ILMN_2675747               NM_009092        Rps17          1.57            ribosomal protein S17                                                                                                                        
  ILMN_2914036               NM_001024726     Zfp607         1.52            zinc finger protein 607                                                                                                                      
  ILMN_2846865               NM_007393        Actb           2.54            actin, beta                                                                                                                                  
  Low RF field               ILMN_2737941     NM_009080      Rpl26           1.50                                                                                            ribosomal protein L26                        
  ILMN_2512849               NM_025641        Uqcrh          2.10            ubiquinol-cytochrome c reductase hinge protein                                                                                               
  ILMN_1221340               NM_011187        Psmb7          1.71            proteasome (prosome, macropain) subunit, beta type 7                                                                                         
  ILMN_1214937               NM_010270        Mrps33         1.57            mitochondrial ribosomal protein S33, transcript variant 1                                                                                    
  ILMN_2469689               NM_025401        Ubl5           1.66            ubiquitin-like 5                                                                                                                             
  ILMN_2768972               NM_183187        Fam107a        1.60            family with sequence similarity 107, member A                                                                                                
  ILMN_2806159               NM_021278        Tmsb4x         1.54            thymosin, beta 4, X chromosome                                                                                                               
  ILMN_2684667               NM_026958        Slirp          1.60            SRA stem-loop interacting RNA binding protein                                                                                                
  ILMN_1232456               NM_180960        Nnat           1.54            neuronatin, transcript variant 1                                                                                                             
  ILMN_2728320               NM_026911        Spcs1          1.58            signal peptidase complex subunit 1 homolog (S. cerevisiae)                                                                                   
  ILMN_2675747               NM_009092        Rps17          1.82            ribosomal protein S17                                                                                                                        
  ILMN_1231072               NM_001033430     Kdm7a          3.32            lysine (K)-specific demethylase 7A                                                                                                           
  ILMN_1215469               NM_007830        Dbi            1.56            diazepam binding inhibitor, transcript variant 2                                                                                             
  ILMN_2654403               NM_013876        Rnf11          1.51            ring finger protein 11                                                                                                                       
  ILMN_2601654               NM_026759        Mrpl13         1.51            mitochondrial ribosomal protein L13                                                                                                          
  ILMN_2588055               NM_007393        Actb           2.10            actin, beta                                                                                                                                  
  ILMN_1216639               NM_008778        Pak3           1.70            p21 protein (Cdc42/Rac)-activated kinase 3, transcript variant 4                                                                             
  ILMN_2736875               NM_007952        Pdia3          1.52            protein disulfide isomerase associated 3                                                                                                     
  ILMN_1251333               NM_019749        Gabarap        1.87            gamma-aminobutyric acid receptor associated protein                                                                                          
  Medial prefrontal cortex   High RF field    ILMN_2597827   NM_018790       Arc                                                                                             1.55                                         activity regulated cytoskeletal-associated protein, transcript variant 1

FDR: false discovery rate.

The effect of animal handling was also re-analyzed without FDR-adjustment by comparing differential gene expression in the sham-control group to that of the cage-control group. With the exception of the hypothalamus, there were a greater number of gene targets displaying differential gene expression under low stringency statistical analysis in the cage-control group than in either the 'High RF field' or 'Low RF field', when compared to the sham-control group ([Table 4](#t0004){ref-type="table"}).

Gene expression analysis after 1.9 GHz pulse-modulated RF field exposure {#s0015}
------------------------------------------------------------------------

Differential gene expression was also assessed in total RNA extracted from the auditory cortex, amygdala, caudate nucleus, hippocampus, hypothalamus or medial prefrontal cortex brain regions of mice exposed to 1.9 GHz pulse-modulated RF fields. Animals in the 'High RF field' group were exposed to RF fields at a WBA-SAR of 1.45 W/kg and an estimated BA-SAR of 0.83 W/kg, while those in the 'Low RF field' groups were exposed at a WBA-SAR of 0.16 W/kg and an estimated BA-SAR of 0.09 W/kg.

No gene targets were identified as being differentially expressed in any of the brain regions assessed following statistical analysis with FDR-adjustment. When differential gene expression was assessed between the sham and cage-control groups using an unpaired *t*-test (*p* ≤ 0.05), there were no differentially expressed gene targets identified between these groups in any brain region.

When the data were re-analyzed using a similar statistical approach, without FDR-adjustment, a number of gene targets representing a variety of cellular functions were identified as differentially expressed following 1.9 GHz pulse-modulated RF field exposure in a variety of brain regions ([Table 7](#t0007){ref-type="table"}). A total of 30 and 14 gene targets across a variety of brain regions displayed altered expression in the 'High RF field' and 'Low RF field' groups, respectively. Differentially expressed probes associated with known genes, identified under low stringency statistical analysis, are depicted in [Table 8](#t0008){ref-type="table"}.

###### 

Number of differentially expressed gene targets in 1.9 GHz pulse-modulated radiofrequency (RF) field exposed mouse brain regions using a non-FDR-adjusted statistical approach (*p* ≤ 0.05), when compared to the sham-control group.

                             High RF field   Low RF field   Cage-control            
  -------------------------- --------------- -------------- -------------- --- ---- ----
  Auditory cortex            0               0              0              0   0    0
  Amygdala                   1               0              3              2   2    0
  Caudate                    3               0              0              0   2    0
  Cerebellum                 1               0              8              2   39   16
  Hippocampus                1               0              0              0   0    0
  Hypothalamus               16              1              2              1   5    1
  Medial prefrontal cortex   8               1              1              0   3    0

FDR: false discovery rate; FC: denotes fold-change.

###### 

Known genes that were differentially expressed in mouse brain regions relative to the sham-control group following exposure to 1.9 GHz pulse-modulated radiofrequency (RF) fields, using a non-FDR-adjusted statistical approach (*p* ≤ 0.05) with a minimum fold change of 1.5.

  Brain region               Exposure group   Probe ID       Accession No.   Gene symbol                                                Fold change                     Description
  -------------------------- ---------------- -------------- --------------- ---------------------------------------------------------- ------------------------------- --------------------------------------------------------------------------
  Amygdala                   High RF field    ILMN_3150811   NM_001077364    Tsc22d3                                                    1.51 up                         TSC22 domain family, member 3, transcript variant 1
  Low RF field               ILMN_1215624     NM_022427      Gpr88           2.10 down                                                  G-protein coupled receptor 88   
  ILMN_2954824               NM_144828        Ppp1r1b        2.02 down       protein phosphatase 1, regulatory (inhibitor) subunit 1B                                   
  Caudate                    High RF field    ILMN_1221615   NM_024435       Nts                                                        1.95 up                         neurotensin
  Cerebellum                 Low RF field     ILMN_2954474   NM_015744       Enpp2                                                      1.92 up                         ectonucleotide pyrophosphatase/phosphodiesterase 2, transcript variant 2
  ILMN_2645263               NM_030699        Ntng1          1.60 up         netrin G1, transcript variant a                                                            
  ILMN_2690603               NM_009263        Spp1           3.39 up         secreted phosphoprotein 1, transcript variant 4                                            
  ILMN_2443330               NM_013697        Ttr            9.54 up         transthyretin                                                                              
  Hypothalamus               High RF field    ILMN_2771979   NM_010050       Ier5                                                       1.64 up                         immediate early response 5
  ILMN_1212702               NM_008218        Hba-a1         1.76 up         hemoglobin alpha, adult chain 1                                                            
  ILMN_1235372               NM_008220        Hbb-b1         1.65 up         hemoglobin, beta adult t chain                                                             
  ILMN_2729513               NM_016956        Hbb-b2         1.65 up         hemoglobin, beta adult minor chain                                                         
  ILMN_2751988               NM_013598        Kitl           1.52 up         kit ligand                                                                                 
  Medial prefrontal cortex   High RF field    ILMN_2690603   NM_009263       Spp1                                                       1.68 up                         secreted phosphoprotein 1, transcript variant 4
  ILMN_3150811               NM_001077364     Tsc22d3        1.65 up         TSC22 domain family, member 3, transcript variant 1                                        
  ILMN_3162081               NM_031392        Wdr6           1.56 down       WD repeat domain 6                                                                         

FDR: false discovery rate.

Tsc22d3 (TSC22 domain family, member 3, transcript variant 1), which encodes a leucine zipper protein, was observed to be upregulated in both the amygdala (1.51-fold) and medial prefrontal cortex (1.65-fold) after 'High RF Field' exposure, while Spp1 (secreted phosphoprotein 1, transcript variant 4) was upregulated (3.39-fold) in the 'Low RF field' group within the cerebellum and in the medial prefrontal cortex (1.68-fold), relative to the sham group. It was also observed that three gene targets encoding hemoglobin globin chains (Hba-a1, Hbb-b1 and Hbb-b2) were upregulated (1.76-, 1.65- and 1.65-fold, respectively) in the hypothalamus after 'High RF Field' exposure, relative to the sham group.

The effect of animal handling was also re-analyzed without an FDR-adjustment in the 1.9 GHz pulse-modulated RF field experiments by comparing differential gene expression in the sham-control group to that of the cage-control group. With the exception of the cerebellum, a comparable number of differentially-expressed probes were observed in the cage-control group relative to the sham-control group under low-stringency statistical analysis ([Table 7](#t0007){ref-type="table"}).

Gene expression analysis after X-irradiation {#s0016}
--------------------------------------------

In order to assess the ability of the methodology to detect differences in gene expression within mouse brain cell regions, a subset of animals were exposed to X-irradiation which served as a positive control. Using the same experimental procedures, differential gene expression was assessed in total RNA extracted from the auditory cortex, amygdala, caudate nucleus, cerebellum, hippocampus, hypothalamus or medial prefrontal cortex brain regions of mice exposed to 2 Gy X-irradiation and compared to that of matched (handled), unirradiated control mice.

Two probes were identified as differentially expressed in a variety of the brain regions following X-irradiation (*p* ≤ 0.05 FDR). Transformation related protein 53 inducible nuclear protein 1 (Trp53inp1) was significantly upregulated in the amygdala, cerebellum, hippocampus, hypothalamus, and medial prefrontal cortex. Cyclin-dependent kinase inhibitor 1A (P21) (Cdkn1a) was significantly upregulated in the cerebellum, hippocampus, and hypothalamus. Sema6b (semaphorin 6B) was also observed to be differentially expressed in the cerebellum, Bbc-3 (Bcl-2 binding component 3) was differentially expressed in the hypothalamus and Dcxr (dicarbonyl L-xylulose reductase) was differentially expressed in the medial prefrontal cortex after X-irradiation.

When the positive control data were re-analyzed using a similar statistical approach, without FDR-adjustment, a number of gene targets representing a variety of cellular functions were identified as differentially expressed following X-irradiation in a variety of brain regions ([Table 9](#t0009){ref-type="table"}). Differentially expressed probes associated with known genes, identified under low stringency statistical analysis, are depicted in [Table 10](#t0010){ref-type="table"}.

###### 

Number of differentially expressed gene targets in 2 Gy X-irradiated mouse brain regions using a non-FDR-adjusted statistical approach (*p* ≤ 0.05), when compared to matched, unirradiated controls.

                             2 Gy X-irradiation   
  -------------------------- -------------------- ---
  Auditory cortex            3                    0
  Amygdala                   3                    0
  Caudate                    24                   2
  Cerebellum                 25                   3
  Hippocampus                14                   2
  Hypothalamus               6                    3
  Medial prefrontal cortex   6                    2

FDR: false discovery rate; FC: denotes fold-change.

###### 

Known genes that were differentially expressed in X-irradiated mouse brain regions relative to a matched, unirradiated control group using a non-FDR-adjusted statistical approach (*p* ≤ 0.05), with a minimum fold change of 1.5.

  Brain region               Probe ID       Accession No.   Gene symbol   Fold change                                                                           Description
  -------------------------- -------------- --------------- ------------- ------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
  Auditory cortex            ILMN_2971479   NM_021897       Trp53inp1     1.91 up                                                                               transformation related protein 53 inducible nuclear protein 1, transcript variant 1
  ILMN_2634083               NM_007669      Cdkn1a          1.86 up       cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1                      
  ILMN_3081854               NM_001025245   Mbp             1.56 up       myelin basic protein, transcript variant 8                                            
  Amygdala                   ILMN_2971479   NM_021897       Trp53inp1     1.97 up                                                                               transformation related protein 53 inducible nuclear protein 1, transcript variant 1
  ILMN_2634083               NM_007669      Cdkn1a          1.87 up       cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1                      
  Caudate                    ILMN_2750515   NM_010234       Fos           2.15 down                                                                             FBJ osteosarcoma oncogene
  ILMN_2634083               NM_007669      Cdkn1a          2.03 up       cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1                      
  ILMN_2800505               NM_010053      Dlx1            1.99 down     distal-less homeobox 1                                                                
  ILMN_2971479               NM_021897      Trp53inp1       1.84 up       transformation related protein 53 inducible nuclear protein 1, transcript variant 1   
  ILMN_2701881               NM_010444      Nr4a1           1.81 down     nuclear receptor subfamily 4, group A, member 1                                       
  ILMN_2860959               NM_010054      Dlx2            1.81 down     distal-less homeobox 2                                                                
  ILMN_2629112               NM_139306      Acer2           1.79 up       alkaline ceramidase 2, transcript variant 1                                           
  ILMN_2855315               NM_015786      Hist1h1c        1.60 up       histone cluster 1, H1c                                                                
  ILMN_2656748               NM_010145      Ephx1           1.52 up       epoxide hydrolase 1, microsomal                                                       
  ILMN_2628567               NM_013750      Phlda3          1.52 up       pleckstrin homology-like domain, family A, member 3                                   
  Cerebellum                 ILMN_2634083   NM_007669       Cdkn1a        3.00 up                                                                               cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1
  ILMN_2971479               NM_021897      Trp53inp1       2.31 up       transformation related protein 53 inducible nuclear protein 1, transcript variant 1   
  ILMN_2923607               NM_013750      Phlda3          1.78 up       pleckstrin homology-like domain, family A, member 3                                   
  ILMN_1256476               NM_022032      Perp            1.57 up       PERP, TP53 apoptosis effector                                                         
  ILMN_2629112               NM_139306      Acer2           1.51 up       alkaline ceramidase 2, transcript variant 1                                           
  Hippocampus                ILMN_2971479   NM_021897       Trp53inp1     2.34 up                                                                               transformation related protein 53 inducible nuclear protein 1, transcript variant 1
  ILMN_2634083               NM_007669      Cdkn1a          2.29 up       cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1                      
  ILMN_1229726               NM_178887      Fibcd1          1.92 down     fibrinogen C domain containing 1                                                      
  ILMN_2750515               NM_010234      Fos             1.71 down     FBJ osteosarcoma oncogene                                                             
  ILMN_2628567               NM_013750      Phlda3          1.61 up       pleckstrin homology-like domain, family A, member 3                                   
  ILMN_2701881               NM_010444      Nr4a1           1.57 down     nuclear receptor subfamily 4, group A, member 1                                       
  Hypothalamus               ILMN_2634083   NM_007669       Cdkn1a        2.75 up                                                                               cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1
  ILMN_2971479               NM_021897      Trp53inp1       2.43 up       transformation related protein 53 inducible nuclear protein 1, transcript variant 1   
  ILMN_2750515               NM_010234      Fos             1.75 down     FBJ osteosarcoma oncogene                                                             
  ILMN_2656748               NM_010145      Ephx1           1.69 up       epoxide hydrolase 1, microsomal                                                       
  Medial prefrontal cortex   ILMN_2750515   NM_010234       Fos           2.29 down                                                                             FBJ osteosarcoma oncogene
  ILMN_2971479               NM_021897      Trp53inp1       2.13 up       transformation related protein 53 inducible nuclear protein 1, transcript variant 1   
  ILMN_2634083               NM_007669      Cdkn1a          1.67 up       cyclin-dependent kinase inhibitor 1A (P21), transcript variant 1                      
  ILMN_1235372               NM_008220      Hbb-bt          1.67 down     hemoglobin, beta adult t chain                                                        
  ILMN_2840082               NM_027571      P2ry12          1.50 down     purinergic receptor P2Y, G-protein coupled 12                                         

FDR: false discovery rate.

Pathway analysis after 1.9 GHz RF field exposure {#s0017}
------------------------------------------------

While no genes with known function displayed differential gene expression using an FDR-adjusted *p*-value cut-off of 5% and only a handful of genes displayed differential expression using a non-FDR-adjusted statistical analysis following RF field exposure, the possibility of physiologically significant gene expression changes (i.e., low-fold changes) cannot be ruled out. In order to further assess the potential of RF fields to affect biochemical pathways in the mouse brain, pathway analysis was conducted on the *Mus musculus* KEGG pathway database using normalized gene expression data for each combination of RF field exposure (continuous-wave or pulse-modulated) and brain region using a network-based pathway analysis technique (SEPEA). *P*-values were adjusted for multiple testing by controlling the FDR with the Benjamini-Hochberg procedure (Benjamini and Hochberg [@CIT0003]).

Only one pathway was found to demonstrate a significant difference (FDR adjusted *p* ≤ 0.05) in relation to treatment (sham, High RF field, or Low RF field) among all of the comparisons conducted by brain region or type of RF field exposure (pulse-modulated or continuous-wave). This occurred in the auditory cortex for the 'Pentose and Glucuronate interconversions' pathway (KEGGID: mmu00040; *p* = 0.043) in the pulse-modulated RF field experiments. Two other pathways displayed FDR-adjusted *p*-values ≤ 0.1 in relation to treatment, which included 'P53 signal transduction' (KEGGID: mmu04115; *p* = 0.086) in the medial prefrontal cortex in pulse-modulated RF field experiments and 'Porphyrin and chlorophyll metabolism' (KEGGID: mmu00860; *p* = 0.065) in the medial prefrontal cortex in continuous-wave RF field experiments.

RT-PCR analysis {#s0018}
---------------

To follow up on the microarray and pathway analysis, semi-quantitative RT-PCR was conducted on a subset of gene targets. Using a custom mouse PCR array (SA Biosciences; CAPM10959), a number of genes ([Table 11](#t0011){ref-type="table"}) in the 'pentose and glucuronate interconversion' and the 'porphyrin and chlorophyll metabolism' pathways were assessed simultaneously in RNA samples from the auditory cortex of pulse-modulated RF field exposed mice and the medial prefrontal cortex of continuous-wave RF field exposed mice, respectively. RT-PCR analysis found no significant differences (*p* ≤ 0.05) in gene expression among 26 genes involved in these KEGG pathways in either brain region.

###### 

List of gene targets on custom mouse RT^2^Profiler PCR Array (CAPM10959).

  Symbol   Accession No.   Description
  -------- --------------- ---------------------------------------------------------------------------
  Cryl1    NM_030004       Crystallin, lambda 1
  Kl       NM_013823       Klotho
  Ugdh     NM_009466       UDP-glucose, dehydrogenase
  Ugp2     NM_139297       UDP-glucoe, pyrophosphorylase 2
  Akr1b7   NM_009731       Aldo-keto reductase family 1, member B7
  Akr1b8   NM_008012       Aldo-keto reductase family 1, member B8
  Dcxr     NM_026428       Dicarbonyl L-xylulose reductase
  Rpe      NM_025683       Ribulose-5-phosphate-3-epimerase
  Ugt1a2   NM_013701       UDP glucuronosyltransferase 1 family, polypeptide A2
  Ugt2b5   NM_009467       UDP glucuronosyltransferase 2 family, polypeptide B5
  Ugt2a2   NM_001024148    UDP glucuronosyltransferase 2 family, polypeptide A2
  Xylb     NM_001033209    Xylulokinase homolog (H. influenza)
  Mmab     NM_029956       Methylmalonic acid aciduria (cobalamin deficiency) type B homolog (human)
  Eprs     NM_029735       Glutamyl-protyl-tRNA synthetase
  Alas1    NM_020559       Aminolevulinic acid synthase 1
  Alas2    NM_009653       Aminolevulinic acid synthase 2, erythroid
  Alad     NM_008525       Aminolevulinate, delta-, dehydratase
  Urod     NM_009478       Uroporphyrinogen decarboxylase
  Hccs     NM_008222       Holocytochrome c synthetase
  Hmox1    NM_010442       Heme oxygenase (decycling) 1
  Hmox2    NM_010443       Heme oxygenase (decycling) 2
  Cp       NM_007752       Ceruloplasmin
  Fth1     NM_010239       Ferritin heavy chain 1
  Ftmt     NM_026286       Ferritin mitochondrial
  Fech     NM_007998       Ferrochelatase
  Gusb     NM_010368       Glucuronidase, beta

The housekeeping genes Actb, Gapdh and Hprt were included as reference targets. Mouse genomic DNA contamination-, reverse transcription- and positive PCR-controls were also conducted simultaneously with each assay.

Using a mouse P53 Signalling Pathway array (PAMM-027A, SA BioSciences), only one gene was found to demonstrate differential gene expression in the medial prefrontal cortex of pulse-modulated RF field exposed mice. DNA methyltransferase 1 (Dnmt1; NM_010066) was decreased by 1.23-fold in the low RF field exposed group relative to the sham-control group, but a similar effect was not observed in the high RF field exposed group versus the sham-control.

Discussion {#s0019}
==========

The current study investigated the ability of short-term (4 h/day for 5 consecutive days) 1.9 GHz pulse-modulated or continuous-wave RF field exposure to influence gene expression within a variety of discrete mouse brain regions. Using a high-stringency (FDR-adjusted) statistical analysis approach to account for multiple comparisons testing, no genes with known function were found to demonstrate differential expression with either pulse-modulated or continuous-wave 1.9 GHz RF fields at either of two SARs tested, in any of the mouse brain regions examined. On the other hand, mice irradiated with 2 Gy X-irradiation demonstrated differential gene expression of both TRp53inp1 and Cdkn1a in most mouse brain regions assessed using a FDR-adjusted statistical analysis approach. These changes were expected as these are known to be ionizing radiation responsive genes involved in the repair of DNA double-strand breaks and cell cycle control.

Since the application of an FDR-adjusted statistical analysis may have resulted in the rejection of some 'true positive' responses (Type 2 errors), the data were re-analyzed without correction for multiple comparisons testing for comparison purposes. Since a large number of 'false-positive' events (Type 1 errors) were expected (∼2200), the data were filtered and only those genes demonstrating unadjusted *p*-values less than 0.05 and fold-changes greater than 1.5-fold are reported, as these were considered less likely to represent false-positive events. As expected, a number of genes demonstrated differential gene expression using this approach in a variety of brain regions and exposure conditions. When these gene lists were analyzed for consistency of responses at both 'High RF field' and 'Low RF field' exposure conditions, only a small number of genes (Actb, Slc6a6, Fam107a, Rps17 and Syt4) showed similar statistically-significant responses at both RF field exposure levels using the same RF field modulation paradigm, but none of these showed consistent responses across the experiments using different RF modulation paradigms (i.e., continuous-wave or pulse-modulated). The significance of these findings is questionable as for some genes (i.e., Syt4), similar fold changes were observed between the sham-control and cage-control groups (data not shown), indicating that the change may have occurred in the sham-control group rather than the RF exposed groups. Furthermore it was observed that for both sets of experiments (using different RF field modulation paradigms), a greater number of genes were differentially expressed between the sham and cage-control groups than between the RF-exposed and sham-control group ([Tables 4 and 7](#t0004 t0007){ref-type="table"}).

While no genes demonstrated differential gene expression using an FDR-adjusted statistical approach or demonstrated consistent responses between experiments using different RF field modulations (using a non-FDR-adjusted approach), it is possible that subtle yet meaningful changes in gene expression may have occurred that were either not detectable when analyzed using a high-stringency statistical approach or demonstrated low fold-changes and were filtered out during the low stringency analysis. In an alternative approach to investigating the potential effects of RF field exposure on gene expression in these mouse brain regions, analysis of gene expression according to KEGG pathways was conducted using a SEPEA approach whereby the interaction of genes within biochemical pathways is considered when evaluating the unfiltered gene expression data. Using an FDR-adjusted approach, three KEGG pathways demonstrated significance (*p* ≤ 0.1) by this pathway analysis. These were the 'Pentose and Glucuronate interconversions' pathway in the auditory cortex and 'P53 signal transduction' pathway in the medial prefrontal cortex of 1.9 GHz pulse-modulated RF field exposed mice; and the 'Porphyrin and chlorophyll metabolism' pathway in the medial prefrontal cortex pathway of 1.9 GHz continuous-wave RF field exposed mice. This pathway analysis demonstrated possible interactions between RF field exposure and gene expression which guided a focussed RT-PCR analysis of genes within these KEGG pathways.

When total RNA samples (matching those used for the microarray analysis) were used to assess gene expression in the brain regions and KEGG pathways identified from the SEPEA pathway analysis, only one gene (Dnmt1) in the P53 signal transduction pathway was found to demonstrate a significant change in gene expression (1.23-fold down-regulation) after 'Low RF field' exposure, but similar results were not found in the 'High RF field' exposed group relative to the sham-control group. No changes were found for any other genes involved in the 'Pentose and Glucuronate interconversions' or 'Porphyrin and chlorophyll metabolism' pathways. Taken collectively, the data in this study provided no evidence of robust changes in gene expression in the mouse brain regions assessed in this study following exposure to either pulse-modulated or continuous-wave 1.9 GHz RF field exposure.

In a previous study, Belyaev et al. ([@CIT0002]) exposed Fisher 344 rats to 900 MHz GSM-modulated RF fields for 2 h at a WBA-SAR of 0.4 W/kg. Total RNA was isolated from the cerebellum of three sham- and three RF field-exposed rats and differential gene expression was assessed using Affymetrix U34 Genechips, representing 8800 gene targets. The authors reported 11 genes were upregulated and one gene was down-regulated using a non-FDR adjusted statistical approach. In this study, comparisons were made for each of the individual gene expression values in the RF field exposed group (*n* = 3) against each of the individual gene expression values in the sham control group (*n* = 3), resulting in a 3 × 3 matrix comparison where every one of the nine individual gene comparisons between the groups was required to be statistically different (Wilcoxon's test, *p* \< 0.0025). It is unclear how such individual statistical comparisons were made to construct the 3 × 3 matrix, as each comparison represented only a single independent experiment. In the absence of RT-PCR or northern blot assays to validate these findings, the differential gene expression results in this study should be interpreted with caution.

Nittby et al. ([@CIT0027]) exposed rats to 1.8 GHz GSM-modulated RF fields at a WBA-SAR of 13 mW/kg (BA-SAR was 30 mW/kg) or sham conditions for 6 h, then harvested RNA from the hippocampus or cortex 1 h later. The authors found no significant differences in gene expression for any of 31,099 gene targets (probes) between the sham- and RF-exposed rats (*n* = 4) when the statistical analysis was adjusted for multiple-comparisons tested (e.g., FDR-correction). To extend their analysis, the authors attempted to evaluate differences in 4956 gene ontology (GO) categories using their microarray data. The authors ranked absolute fold changes between the RF-exposed and sham control groups for each gene and applied a Wilcoxon rank sum test to identify over-representation of genes at the top of this list among each GO category. In the RF field exposed group, the authors reported 25 GO categories were significantly altered in the cortex and 20 were altered in the hippocampus, using a statistical approach that corrected for multiple-comparisons testing. While this approach is interesting, it is based upon absolute fold changes between groups and ignores variability among the dataset upon which the fold change values are based. Thus, overrepresentation of certain GO categories may simply reflect highly variable expression patterns or low baseline expression for some genes (where the denominator for such ratios is near zero) that drive high fold changes. Unfortunately, the authors did not validate their GO category analysis for key genes driving these changes (e.g., high absolute fold change differences) with RT-PCR analysis.

The results of the current study are similar to those reported by Paparini et al. ([@CIT0028]) who exposed Balb/cJ mice to 1800 MHz GSM modulated RF fields for 1 h at a WBA-SAR of 1.1 W/kg. The BA-SAR in this study was estimated to be 0.2 ± 0.07 W/kg. The authors examined 22,600 probes using an Affymetrix Mouse Expression Array (A430) in RNA prepared from whole brain homogenates. No differential gene expression was observed when the statistical analysis applied FDR-adjustment, but 75 genes were identified as being differentially expressed in the absence of FDR-adjustment (fold change of 1.5 or greater). When each of these 75 genes was validated by RT-PCR, none were found to be significantly different from that of the sham control group.

More recently, Zhao et al. ([@CIT0040]) exposed adult male Wistar rats to 2.856 GHz RF fields for 10 min/day for 3 days at a power density of 300 W/m^2^. The WBA-SAR and BA-SAR within the rats during RF field exposure were not reported in this study. However, based upon previous dosimetric evaluation by this group using rat cadavers (Wang et al. [@CIT0037]), the BA-SAR in this study can be estimated at approximately 21 W/kg and the temperature increase in the brain following RF field exposure to be approximately 1 °C. At 7 and 14 days after the last RF field exposure, total RNA was isolated from the hippocampus and differential expression of microRNA (miRNA) was assessed using miRCURY LNA array (v18.0; Exiqon). The authors used a non-FDR-adjusted statistical analysis whereby differentially expressed miRNA targets were identified as those with fold changes of greater than 1.5 and were significant (*p* \< 0.05) using *t*-tests. A total of 12 upregulated and 70 down-regulated miRNA targets were identified at 7-days post-exposure, while two genes were upregulated and 14 were down-regulated at 14-days post-exposure. Validation was conducted on six down-regulated miRNA targets using RT-PCR and all were confirmed as significantly different using *t*-tests. It is important to note that the RF field power density applied to the rats in this study is 30 times higher than the human exposure limits recommended by the International Commission for Non-Ionizing Radiation Protection (ICNIRP) for the prevention of thermal effects associated with RF field exposures in this frequency range (ICNIRP [@CIT0015]). Since the rats were exposed at a relatively high RF field exposure level where temperature changes in the brain of approximately 1 °C are known to occur, it is unclear whether the observations in this study relate to direct RF field effects on the brain or are the result of heating of the brain from RF field exposure (and would occur from any form of brain heating).

The interpretation of the biological significance of microarray analysis results requires a careful evaluation and consideration of a large number of quality and consistency variables (Bourdon-Lacombe et al. [@CIT0006]). The current study assessed global gene expression in a number of discrete mouse brain regions following 5 days of exposure of mice (4 h/day) to 1.9 GHz RF fields under tightly controlled exposure conditions. Furthermore, the current study employed 330 independent microarray hybridizations, controlled for the FDR, included pathway analysis and validation by RT-PCR. No evidence of altered gene expression was found using FDR-adjusted microarray analysis. While a small number of genes were identified as statistically significant using non-FDR-adjusted statistical analysis, consistent responses were not observed across different RF field exposure intensities or modulations. Pathway analysis and RT-PCR did not provide supporting evidence that RF field exposures resulted in any detectable changes in gene expression in the mouse brain. While the current study cannot rule out subtle changes in gene expression within the mouse brain (e.g., fold changes below 1.5-fold), changes occurring at other post-exposure times or those occurring within other mouse brain regions, the current study provides the most comprehensive analysis of potential gene expression changes in the rodent brain in response to RF field exposure of any study conducted to date. Additional high-quality, targeted studies are recommended to provide further insight into possible effects of RF field exposure on biological systems.
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